In this paper, evolution of the spot size of an intense laser beam propagating in axially magnetized, cold, underdense plasma has been studied. The effect of longitudinal magnetization on the laser spot for a left as well as a right circularly polarized laser beam has been considered. Critical power for nonlinear self-focusing of the beam in magnetized plasma has been obtained. © 2007 American Institute of Physics. ͓DOI: 10.1063/1.2815789͔
Propagation of intense laser beams in plasmas is relevant to a wide range of applications including laser driven accelerators, 1,2 harmonic generation, [3] [4] [5] [6] [7] and laser fusion schemes. [8] [9] [10] For many of these schemes it is highly desirable that the laser beam propagates extended distances at high intensity. The problem of self-focusing of laser light in plasmas is therefore a subject of great interest.
The interaction of an intense laser beam with a magnetized plasma is an important area of study. When a beam interacts with plasma, intense transverse 11 as well as axial 12 magnetic fields are generated, and in many applications, modification of the propagation characteristics of the laser beam due to presence of these fields becomes important. These self-generated ͑or externally applied͒ transverse and axial magnetic fields affect the propagation of laser pulses in plasma since the canonical momentum in magnetized plasma is not conserved, as in the unmagnetized case. It has been observed that in the presence of transverse magnetic field, the self-focusing property of an intense linearly polarized laser beam propagating in cold, underdense and homogeneous plasma is enhanced. 13 In this paper, propagation of an intense circularly polarized laser beam in an axially magnetized plasma is analyzed. The plasma is assumed to be cold so that before the passage of the laser radiation, the plasma electrons are at rest and the magnetic field does not affect them. For obtaining the laser spot evolution, a nonlinear wave equation is set up and the source-dependent expansion 14 ͑SDE͒ method is used. The effect of an axial magnetic field on the self-focusing property of the laser beam is discussed and an expression for the critical power for self-focusing is obtained.
Consider the propagation of an intense circularly polarized laser beam along the z direction, in the presence of a homogeneous plasma embedded in a longitudinal magnetic field b ជ ͑=ê z b͒. The electric vector of the radiation field is given by
where E͑r , z͒, k 0 , and 0 are the amplitude, wave number, and frequency of the radiation field, respectively. takes values ±1 for right or left circularly polarized radiation, respectively.
The wave equation governing the propagation of the laser beam through plasma is given by
where a͑r , z͓͒=eE͑r , z͒ / mc 0 ͔ is the normalized electric field. For plasma electrons having velocity v ជ and density n, the plasma current density is given by
Relativistic interaction between electromagnetic field and plasma electrons is governed by the Lorentz force equation
and the continuity equation
In the mildly relativistic regime, all parameters can be expanded in orders of the radiation field. The first-order expansion of Eq. ͑4͒ leads to
‫ץ‬v y
Simultaneous solution of Eqs. ͑6a͒-͑6c͒ give the first-order plasma velocity as
͑7͒
Equation ͑7͒ shows that the quiver velocity of the plasma electrons increases significantly due to axial magnetization for left circularly polarized radiation ͑ =−1͒. This increases the relativistic factor and hence relativistic mass of the plasma electrons. However, for right circularly polarized radiation, the velocity decreases.
The second-order velocities are found to be zero. The third-order expansion of Eq. ͑4͒ leads to
Using Eq. ͑7͒ and solving Eqs. ͑8͒ gives the third-order velocity as
͑9͒
It may be noted that the third-order velocity also increases or decreases for = ϯ 1, respectively, and that the longitudinal velocity perturbations are zero. Since the presence of a magnetic field changes the plasma electron velocities, the refractive index is also modified. The propagation characteristics of the laser beam will therefore be affected. Perturbative expansion of the continuity Eq. ͑5͒ and substitution of Eq. ͑7͒ gives the perturbed electron density n ͑1͒ = n ͑2͒ =0. The transverse current density is therefore given by
Substituting Eqs. ͑1͒ and ͑10͒ in the wave equation ͑2͒ and neglecting higher-order diffraction effects leads to the paraxial wave equation governing the propagation of laser beam in plasma,
where S = 0 4 ͑ 0 − c ͒ 4 / 2͑ 0 2 − c 2 ͒ 4 and k p0 2 =4e 2 n 0 / mc 2 . In order to obtain the evolution of the laser spot size by the SDE method, 14 the laser field amplitude is expanded to give a complete set of orthogonal source-dependent Laguerre Gaussian modes as a͑r , z͒ = ͚â m L m ͑͒exp͓−͑1−i␣ s ͒ / 2͔, where m =0,1,2,..., â m is the complex amplitude, =2r 2 / r s 2 , r s ͑z͒ is the real spot-size, ␣ s ͑z͒ = kr s 2 / 2R C , R C is the radius of curvature associated with the wave front, and L m ͑͒ is a Laguerre polynomial of order m. Now assuming that the higher-order SDE modes are small as compared to the fundamental ͑m =0͒, i.e., ͉â 0 ͉ ͉â m ͉ for m Ն 1, and setting â 0 = a s exp͑i s ͒, where a s and s are real, the evolution equations for real parameters a s , r s ͑z͒, ␣ s ͑z͒, and s , for the lowest ͑Gaussian͒ mode can be obtained as in Ref. 13 . Thus,
where a 0 and r 0 are the initial laser strength parameter and beam waist, respectively. The solution of Eq. ͑12͒ gives the laser spot size as r s
Here, P is the laser power, P C ͑=k 0 2 c 5 m 2 / 2k p0 2 e 2 S͒ defines the critical power required for nonlinear self-focusing of the laser beam, and Z R ͑=k 0 r 0 2 / 2͒ is the Rayleigh length. It may be noted that the critical power required for self-focusing a left circularly polarized laser beam decreases as the external magnetic field is increased, while reverse effect is observed in the case of a right circularly polarized beam.
A plot for the normalized spot size versus normalized propagation distance ͑Fig. 1͒ shows that the magnetic field reduces the diffraction of the beam for left circular polarization and enhances the self-focusing property of the laser beam. However, for right circular polarization, the magnetic field slightly increases the diffraction and hence reduces the self-focusing property of the beam. Changes in the spot size as observed in the left circularly polarized laser beam are more effective as compared to the case of right circularly polarized laser beam.
The above discussion shows that when a circularly polarized laser beam propagates through a cold and homogeneous plasma embedded in a uniform axial magnetic field, the force due to an external magnetic field introduces changes in the relativistic mass of plasma electrons leading to modification in the propagation characteristics of the laser beam. The present study reveals that axial magnetization reduces the critical power and thus enhances the self-focusing property of a left circularly polarized laser beam. However, if the beam is right circularly polarized, the beam will be defocused. Focusing of a right circularly polarized beam could be brought about by reversing the direction of the external magnetic field. The theory can find application in laser driven fusion schemes as well as laser wakefield accelerators. This work has been done with the financial support of Science and Engineering Research Council, Department of Science and Technology, Government of India. The authors thank the organization for funding the research project.
